Abstract Xenotropic murine leukemia virus-related virus (XMRV) is a γ retrovirus that has been associated with chronic fatigue syndrome (CFS) and prostate cancer. The search for viral causes of these syndromes was reignited by the finding that RNase L activity was low in hereditary prostate cancer and some CFS patients. The six strains of XMRV that have been sequenced have greater than 99% identity, indicating a new human infection rather than laboratory contamination. DNA, RNA, and proteins from XMRV have been detected in 50% to 67% of CFS patients and in about 3.7% of healthy controls. XMRV infections could be transmitted to permissive cell lines from CFS plasma, suggesting the potential for communicable and blood-borne spread of the virus and potentially CFS. This troubling concept is currently under intense evaluation. The most important steps now are to independently confirm the initial findings; develop reliable assays of biomarkers; and to move on to investigations of XMRV pathophysiology and treatment in CFS, prostate cancer, and potentially other virus-related syndromes, if they exist.
Introduction
The relatively recently described xenotropic murine leukemia virus-related virus (XMRV) [1] is a γ retrovirus that has been associated with chronic fatigue syndrome (CFS) [2••, 3] and prostate cancer [4] . This is of importance because CFS patients are commonly seen by allergists, immunologists, rhinologists, and many other physicians for their neurological nonallergic rhinitis, fatigue, pain, generalized hyperalgesia and allodynia, dyspnea without airway obstruction, drug intolerances, irritable bowel, irritable bladder, postural orthostatic tachycardia and hypotension, and other autonomic dysfunction syndromes. These are in addition to the unexplained fatigue plus at least four of the following eight conditions required for CFS case designation: 1) poor concentration or memory, 2) sleep disturbances, 3) exertional exhaustion (a small increase in activity level leads to a relapse of fatigue), 4) arthralgia, 5) myalgia, 6) sore throat, 7) sore lymph nodes, and 8) headaches [5] . Because reliable biomarkers have not been identified, this illness is often dismissed by physicians as a figment of the somatopathic patient's mind.
The new finding of XMRV in CFS must make us pause and take a fresh look at these frustrated and disillusioned victims of medical neglect. At the same time, we must maintain skepticism about this viral etiology given the history of other inferred causative agents, such as Epstein-Barr virus; enterovirus; cytomegalovirus; neurotropic herpes types 6 and 8; mycoplasma; Q fever; Murray Valley encephalitis; other microbes; specific genotypes; and an array of immune deficits ranging from low CD4, CD8, and natural killer cell activities to various antinuclear antibodies to cytokine imbalances [6] [7] [8] .
RNase L and Rationale for XMRV Infection
The rationale for looking for retroviruses in prostate cancer came from reports of viral DNA detected by microarray (Virochip; Biotherapix, Madrid, Spain) in families who were homozygous for the loss of function R462Q (nucleotide G1385A) allele of RNase L (hereditary prostate cancer-1 gene) [4] . RNase L cleaves a single strand of RNA at UpUp and UpAp nucleotide sites in ribosomal RNA and various viruses. The low-activity, homozygous QQ RNase L genotype has a prevalence of 13% and does not act as a risk factor for prostate cancer in the general US population. Instead, the link to prostate cancer may be an androgen response element in the 5 untranslated region of XMRV [9] . A link to androgens does not fit with the 4:1 female-to-male ratio for CFS in the general population unless estrogen-or progesterone-related steroids can also activate this site.
XMRV protein was found in 23%, but its DNA was found in only 6% of 334 prostate cancer specimens from a New York population [10] . High-grade tumors were more likely to show evidence of XMRV. Significantly, XMRV was detected in only 1 of 105 prostate cancer specimens, and 1 of 70 benign prostate specimens in one German study [11] . A second German group did not detect XMRV by polymerase chain reaction, Western blotting, or serological tests in 589 prostate cancer specimens. This raises the possibility that XMRV-infected prostate cancer may be geographically restricted to the United States [12] .
Low RNase L activity has been found in patients with CFS. Proteolytic cleavage of high molecular weight RNase L by elastase was associated with decreased exercise performance [13] . Low RNase L activity in CFS and hereditary prostate cancer provided the insight that XMRV or a related virus may be found in CFS [2••, 4] .
XMRV Biology
XMRV is xenotropic because highly similar viruses exist in the germline of mice, but their envelope (env) proteins no longer have a receptor on murine cells [14••] . Although it cannot reproduce in mice, the virus can bind to receptors in other foreign (Greek xenos) species, including humans [15] . Similar remnants of past retrovirus infections now form transposable elements that account for up to 8% of the human genome. The precursor to the murine leukemia virus and its related virions probably invaded mice about 1 million years ago. It is not known when XMRV began to infect humans, but it may have been within the last few hundreds of generations given the 99% identity between the six genomes that have been sequenced to date from activated CFS leukocytes and advanced prostate cancers [2••, 3, 14••]. These differ by only about 30 of 8000 nucleotides, with many of the replacements occurring in nontranslated regions of the virus, or as silent polymorphisms in the third position of codons that do not change protein sequences. Xenotropic infection may have occurred during a period in which mice were a morsel in the human diet. It is not known if XMRV has entered the human germline or if it is communicably transmitted in the population. Humans are susceptible because XMRV can bind to human xenotropic and polytropic retrovirus receptor-1 (XPR-1) [16] . This protein may be a phosphate transporter or sensor and may act in coordination with prostate-specific antigen [17] .
Binding to XRP-1 and potentially to its co-receptors leads to endocytosis. The invaginating phagosome peels off the virus' plasma membrane envelope to reveal the capsid. This is composed of matrix proteins and contains the RNA genome strands, integrase, and reverse transcriptase enzymes. These move to the nucleus, where the RNA is reversely transcribed into insertion sites in the host DNA. Infectious XMRV tends to insert into the human genome at transcription start sites, CpG islands, DNase-hypersensitive sites, and gene-dense regions [18] . In prostate cancer, it integrates at cancer break points, common fragile sites, microRNA, and some cancer-related genes. These regions share unfolded chromatin with structurally open transcription regulatory sequences. Conversely, nucleosome-rich condensed chromatin would not offer suitable integration sites. Incorporated XMRV DNA is then transcribed to serve as mRNA for the formation of new proteins and genomic RNA for infectious virions. Two mRNAs are spliced. One codes for the 3 upstream regions, contiguous gag-pro-pol coding region and is spliced to the 5 untranslated region, whereas the other has the 3 region spliced to the envelope code regions and the contiguous 5 untranslated sequence. Both proteins are cleaved by the viral pepsin to form the matrix, integrase, reverse transcriptase, and transmembrane spanning stem and disulfide-linked XPR-1 binding envelope glycoprotein. The virus is assembled at the membrane; the RNA-containing capsid buds out and off the cell surface.
XMRV Detection and Transmissibility in CFS
XMRV proteins, RNA, and DNA were detected in plasma, phytohemagglutin (PHA), plus interleukin-2-activated leukocytes from CFS patients [2••, 3] . DNA for the Gag (capsid matrix protein) sequence was detected in the leukocytes of 68 of 101 (67%) CFS specimens that had been banked as long ago as 1984. DNA sequencing identified 736 nucleotides from XMRV Gag and 352 from Env genes. In contrast, Gag sequences were identified in activated leukocytes from 8 of 218 (3.7%) healthy control specimens. Only 1 of 11 controls had positive polymerase chain reaction for Gag, and there were none for Env. Five XMRV genomes were identified that had greater than 99% sequence identity. Their sequences were phylogenetically distinct from any other known xenotropic γ retrovirus, indicating that a human-specific virus was detected.
Immunofluorescent cell sorting of activated peripheral blood mononuclear cells was performed with monoclonal and polyclonal antibodies to Gag and Env proteins. These antibodies recognized XMRV-immunoreactive proteins on cells infected with the VP62 prostate cancer-related XMRV strain. A total of 19 of 30 sets of activated CFS peripheral blood mononuclear cells expressed immunoreactive Gag and other XMRV proteins. Sixteen healthy control cells were negative for all antigens. Western blots were positive for Gag and Env proteins in CFS but in none of the five controls. The odds ratio for a positive association between XMRV proteins and CFS was 54.1 (95% CI, 23.8-122) compared with results for controls.
One CFS patient had his CD4 T and B cells purified. After PHA plus interleukin-2, the cells were positive for Gag by cell sorting. This status was maintained for 42 days in culture.
Infectious XMRV were demonstrated by activating peripheral blood mononuclear cells from CFS patients and plating them with the LNCaP prostate cancer cells. This cell line has defective JAK-STAT and RNase L pathways and permits XMRV infections. After mixing the peripheral blood mononuclear cells and LNCaP cells, cultured LNCaP cells showed positive Western blots for Gag and Env proteins. Transmission electron microscopy showed budding of typical 90-to 100-nm diameter type C virions.
Ultracentrifuged plasma from 10 of 12 CFS patients was also able to infect LNCaP cells. None of the 12 control plasma samples were infectious. Thus, both infected and activated CFS leukocytes and their plasma could transmit XMRV infection to a permissive cell line. This begs the question of whether XMRV can be transmitted between humans. The relationship to human prostate cancer and murine leukemia suggests a neoplastic potential. However, epidemiologic evidence of increased incidences of leukemias and lymphomas in CFS patients has not been documented by agencies such as the Centers for Disease Control and Prevention despite multiple investigations of large populations.
Serum antibody responses to XMRV were detected in 9 of 18 CFS specimens but none of 7 healthy controls. The assay was novel, as it relied on showing human antibodies bound to a mouse B-cell line engineered to express spleen focus-forming virus envelope protein, but not the parent cell line. Human serum antibodies were not shown to bind to individual XMRV proteins.
Pandora's Box?
The proposed pathobiology of XMRV-related viruses in mice and other species opens a Pandora's box of medical issues. Does XMRV induce a primary immunodeficiency? Are lymphocytes the primary target cells in the periphery, with microglial or other support cells playing that role in the central nervous system? Is XMRV neurotropic and capable of inducing the cognitive, autonomic, and nociceptive changes typical of CFS? Are there readily detectable plasma or cerebrospinal fluid biomarkers of XMRV infection, activation, and transmissibility?
How is XMRV spread? Do the current data implicate transmission by plasma, leukocytes, gammaglobulin, or other blood products? Blood products prepared with detergent and organic solvents should not contain viable virions because their plasma membrane envelopes will be dissolved and ribonucleocapsid dissociated. Naked retrovirus RNA is not thought to be infective. Screening of intravenous drug users who share needles may reveal XMRV infection. Are there indications of fatiguing illnesses in clusters of previously healthy individuals who have received blood transfusions? Is XMRV transmitted sexually or via saliva?
Evidence of infection in 3.7% of the healthy population was presented. Are these individuals at risk for CFS, fibromyalgia, related syndromes, or even leukemia or prostate cancer? Does XMRV play a role in the CFS that follows immunocompromise by chemotherapy for cancer or lupus?
Is XMRV Integrated Into Human Germline DNA?
Even though dysfunctional RNase L does not seem to be a risk factor for XMRV-related CFS or prostate cancer, are there other human genes, haplotypes, or alleles that place some individuals at increased risk of developing XMRV infections? Candidate restriction factors for HIV-1 infection include apolipoprotein B mRNA editing enzyme 3G, bone marrow stromal cell antigen-2, cyclophilin A, tripartite motif protein 5-α (TRIM5A), and cellular microRNAs [19] . TRIM5A and cyclophilin A bind the capsid matrix proteins. This complex of host proteins bound to the viral capsid becomes ubiquinated, which targets these proteins and the capsid virion complex for proteolytic degradation in the proteosome. Nonnucleoside reverse transcriptase inhibitors may be useful given the high similarity of the xenotropic retrovirus sequences. Drugs directed at preventing docking of XMRV to XPR-1 are also conceivable. However, before thoughtfully planned antiviral drug therapy clinical trials are started in patients with CFS and, potentially, prostate cancer, we must consider the potential risk of developing drug-resistant XMRV if single antiviral agents are used.
Conclusions
Identification of a new retrovirus in CFS and prostate cancer patients and in 3.7% of the healthy American population is an important new finding. Its urgency is apparent from the Department of Health and Human Services [20] ; National Cancer Institute [21] ; National Heart, Lung, and Blood Institute's Retrovirus Epidemiology Donor Study; Centers for Disease Control and Prevention Division of HIV/AIDS Prevention Laboratory, US Food and Drug Administration; and Red Cross taskforces that have been formed to rapidly investigate XMRV. It is critical to develop rapid, reliable tests for biomarkers of XMRV to determine if there is widespread infection of CFS and prostate cancer groups and to assess the safety of the nation's blood supply. CFS patients have been advised not to give blood for some time because a potential infectious cause for the syndrome has not been ruled out. Profiteering by offering nonvalidated tests should not be tolerated. It is critical to independently confirm the presence of XMRV as a causative agent in at least a subset of CFS patients, and potentially also in overlapping syndromes such as fibromyalgia and irritable bowel syndrome. This is vital before serious consideration is given to large-scale treatment studies. This is especially true given three polymerase chain reaction and serology studies from Britain and the Netherlands that have failed to verify the original American observations [22, 23, 
